h i g h l i g h t s < PIXE is very effective to quantify the actual mineral dust contribution to PM. < The impact of Saharan intrusions on PM10 is extremely variable from case to case.
Introduction
Saharan dust is a major component of Particulate Matter (PM) on a global scale. Although the majority of the transport events take place in a low-latitude belt (towards the Atlantic Ocean), Saharan dust gives an important contribution to PM also in the European area, where it may episodically produce significant increases of the PM10 (Particulate Matter with aerodynamic diameter lower than 10 mm) concentration levels, especially in southern European countries (Querol et al., 2009 ).
The current European Directive (2008/50/EC) confirms the PM10 standards established by the previous one (1999/30/EC), i.e. an annual limit value of 40 mg m À3 and a daily limit value (DLV) of 50 mg m À3 with a maximum allowed number of exceedances of 35 times a year. However, if an exceedance can be attributed to a natural event, including the atmospheric resuspension or transport of natural particles from dry regions, rather than to anthropogenic sources, it can be discounted by the State Members of the European Union after scientific validation. As a consequence, in case of DLV exceedance, the estimate of African dust contribution to PM10 concentration has become a primary task for both scientists and policy makers.
In the absence of a single, standard recognised procedure, during last years different approaches have been proposed to face this task, mainly by methods that involve the use of backtrajectories and satellite images to track Saharan dust transports from the sources. However, these tools alone are in general not sufficient as the transit of air masses coming from Sahara does not necessarily imply high PM concentrations at ground level. A modelbased method has been proposed by Mitsakou et al. (2008) to estimate the contribution of desert dust to PM10 in Greece, while other approaches focused on the analysis of PM10 concentration time sequences (Ganor et al., 2009) . During the last decade several papers appeared in the literature concerning the desert dust contribution to PM in Spain (see for example Rodriguez et al., 2001; Escudero et al., 2005 Escudero et al., , 2007 Querol et al., 2009 ). The reported approaches mainly rely on the use of back-trajectory calculations and satellite data to identify Saharan episodes. The net contribution of African dust to PM10 is then calculated (Escudero et al., 2007) , on a daily basis, by subtracting the PM10 regional background (RB) level from the PM10 concentration values measured in rural background sites only on dust-days. The RB level is calculated by applying the monthly moving 30th percentile to the PM10 time series, after the exclusion of dust-days. This method was tuned and applied on multi-year periods over Spain, and validated by chemical analyses as well.
Many authors characterised Saharan dust events observed in Italy (see for example Prodi and Fea, 1979; Marcazzan et al., 1993; Bonelli et al., 1996; Barnaba and Gobbi, 2004; Meloni et al., 2007; Cristofanelli et al., 2009; Pavese et al., 2009 ), but only few recent works have focused on the assessment of the desert dust contribution to PM10 limit values (Gobbi et al., 2007; Perrino et al., 2009; Matassoni et al., 2009; Pederzoli et al., 2010) . A very similar approach to that reported in (Escudero et al., 2007) was used in the works of Matassoni et al. (2009) and Pederzoli et al. (2010) . It should be noted that in both these works the PM10 regional background was calculated by analogy with the Spanish method, but no experimental validation of its "exportability" to the Italian case has been accomplished so far. As clearly explained in Matassoni et al. (2012) , two key points of this method, i.e. the selection of a proper network of rural background stations and the accounting of days with or without anthropogenic or Saharan dust contributions, are particularly critical in Italy where many rural stations are "near-city" stations and may be affected by different anthropogenic contributions, also from farming and industry.
None of the aforementioned methods rely on PM elemental composition measurements, despite their high potentialities in both Saharan episodes identification and direct quantitative assessment of their contribution. Nevertheless, as the impact of desert dust at ground level is well characterised by an increase of all soil-related elements and changes in elemental ratios, field campaigns followed by elemental analysis can indeed be very effective to assess the real impact of these episodes on PM at ground level (Marcazzan et al., 1993; Bonelli et al., 1996; Borbély-Kiss et al., 2004; Chiari et al., 2005; Marenco et al., 2006; Nicolás et al., 2008) . The choice of methods not relying on elemental data is mainly due to cost and time required for reliable chemical speciation analysis. This is also the reason why Saharan dust compositional studies are often focused on the analysis of a few specific episodes or, in any case, they cover limited time periods (less than one year) and a limited number of sampling sites.
In this context, the development of rapid analytical methods that allow the assessment of the concentration of all soil-related elements on a large number of samples, in short measuring times, would be very useful. Particle Induced X-ray Emission (PIXE) technique can fulfil these requirements, as it allows the simultaneous detection, with high sensitivity, of elements that compose mineral dust (Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe, Sr, Zr) . Improving the technique capabilities, it is possible to quantify the crustal element concentrations in less than 1 min per sample (Calzolai et al., 2006; Lucarelli et al., 2010) .
Since nineties, several aerosol sampling campaigns have been carried out by the authors in Tuscany (central Italy). In this work, a review of these PIXE data-sets has been accomplished aiming at:
(1) identifying the occurrence of Saharan dust transport episodes over long periods in Tuscany, (2) characterising them in terms of composition and impact on PM concentration and (3) tracing back their contribution to exceedances of the PM10 limit value. Backward trajectory calculations (HYSPLIT transport model by NOAA Air Resource Laboratory (Draxler and Rolph, 2003) ) have been performed for all the sampling days as an additional tool for confirming the Saharan origin and, in general, for studying correlations between elemental composition and air mass trajectories.
Methods

Field campaigns
For this work we selected three field campaigns performed in Tuscany, from 1997 to 2006, where PM10 samples were collected on a daily basis (from midnight to midnight).
The first campaign (Lucarelli et al., 2004) was carried out from January 1997 to January 1998, in Florence, at a traffic site (FL_TS in the following). About 250 PM10 samples were collected by an APM-1 air sampler (ELECOS, Rome, Italy) on 47 mm diameter mixed cellulose ester membrane filters; the PM10 mass was automatically measured by the b-absorption technique.
The second campaign (Chiari et al., 2005) was carried out from September 2002 to June 2003, in Montelupo Fiorentino, a small town located about 20 km west of Florence characterised by the presence of a large number of ceramic and glass factories (MF_IS in the following). About 180 PM10 samples were collected on 47 mm TEFLON filters, by an IND PNS15D sequential sampler (2.3 m 3 h À1 ).
The third campaign was carried out within the PATOS (Particolato Atmosferico in TOScana) project, from September 2005 to September 2006, in six sampling sites representative of areas with different characteristics: Florence e urban background (FL_UB), Prato e traffic site (PO_TS), Capannori (Lucca) e urban background (CA_UB), Arezzo e traffic site (AR_TS), Grosseto e urban background (GR_UB) and Livorno e suburban/rural background (LI_SB). About 1000 PM10 samples were collected by three low volume (2.3 m 3 h À1 ) samplers (HYDRA Dual Sampler), which were moved every 15 days from three sampling sites (FL_UB, CA_UB and GR_UB) to the other three (AR_TS, PO_TS and LI_SB). In both the second and third campaigns the PM daily mass concentrations were obtained by weighing the filters by an analytical balance in controlled conditions of temperature (20 AE 1 C) and relative humidity (50 AE 5%).
Although the samples collected in these campaigns have been analysed by different analytical techniques, this work mainly focuses on the analysis of elemental concentrations (in particular of crustal elements) measured by PIXE.
PIXE analysis
PIXE analyses of samples collected during the PATOS campaign were performed at the 3 MV Tandetron accelerator at the LABEC laboratory (Calzolai et al., 2006) , while samples collected during the other campaigns were analysed at the 3 MV KN3000 Van de Graaff accelerator (now decommissioned), using a similar set-up (Chiari et al., 2005) .
Each sample was irradiated for about 5e10 min with a proton beam of 3 MeV energy and intensity ranging from 5 nA to 50 nA (depending on the sample load and the collecting substratum), over a spot of w2 mm 2 ; during irradiation, the filter was moved in front of the beam in order to scan and analyse most of the deposit area. PIXE spectra were fitted using the GUPIX code (Campbell et al., 2010) and elemental concentrations were obtained via a calibration curve from a set of thin standards of known areal density (Micromatter Inc.). The results presented in this work are based on analytical data for Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe and Sr. Minimum detection limits (MDLs) are in average 10e20 ng m À3 for Na, 5e10 ng m À3 for Mg, Al, Si, K, Ca, and 1e3 ng m À3 for Mn, Fe, Sr. The uncertainties were determined by a sum of independent uncertainties on certified standard sample thickness (5%), peak areas (from 2 to 20% or higher when concentrations approach MDLs) and sampling parameters (of the order of few percent). The concentrations of lighter elements (Na, Mg, Al and Si) were corrected for self-absorption effects, i.e. lower energy X-rays attenuation inside aerosol particles Formenti et al., 2010) .
Data analysis
As a preliminary analysis, the measured elemental time patterns were observed to identify simultaneous episodic increases in the concentration of crustal elements, as this may be a first hint of the occurrence of dust events. When PM10 was collected in more than one sampling site, like in the case of PATOS, we also looked at simultaneous peaks in the different locations, since this behaviour may suggest the impact of long-range transported soil dust affecting all the regional area, while the observation of different patterns from site to site clearly points out at the contribution of local sources (e.g. local dust resuspension). To distinguish between local soil dust resuspension and Saharan dust intrusions, an analysis of elemental ratios was also accomplished.
For all the studied periods we calculated backward trajectories using the HYSPLIT model at different end-point altitudes (from 500 to 2000 m a.g.l.) and for different hours of the day (0, 6, 12 and 18 UTC). These data were used with the twofold aim of supporting the Saharan origin hypothesis of the episodes identified by PIXE and investigating connections between elemental composition and air mass trajectories. On the basis of these calculations, all the sampling days were classified as "HYSPLIT Saharan days (HSDs)" and "HYSPLIT non-Saharan days (HnSDs)". Elemental concentrations and elemental ratios during HSDs and HnSDs were thus compared.
To quantify the impact of the identified Saharan intrusions on PM10 concentration, we first calculated the concentration of the soil dust component and then we estimated the desert dust contribution, by subtracting the local/background soil dust fraction, as explained in Section 3.2.
Results and discussion
Elemental signatures
In Fig. 1 the time pattern of the Al concentration, for all the sampling campaigns, is shown.
Although several concentration peaks during HSDs may be clearly observed, other peaks of comparable intensity may be seen also during HnSDs, probably due to local dust contributions. Conversely, in some cases we found back-trajectories coming from Sahara but no (or very low) increase in the concentration of crustal elements was observed. For some of these days, the reason is the PM scavenging due to the rain; for the others, possible explanations are: a weak uptake of dust over the desert, the dust lost by deposition during the transport and/or the weakness of the entrainment mechanism at the sampling site.
During the 1997e1998 sampling campaign in Florence, the most intense HSD-peak occurred in May: the concentrations of crustal elements started increasing on May 12 and returned to "background" values on May 16. Other less intense HSD-peaks occurred in March, July, August, October, November, December and January. However, during the cold season the rain limited the duration and the intensity of these episodes. During the 2002e2003 campaign in Montelupo Fiorentino, two intense HSD-peaks occurred in November: the concentrations of crustal elements started increasing on November 14 and abruptly decreased on November 17 due to the strong rain, which lasted until November 25; when the rain stopped, the concentrations increased again (November 26 and 27). During the PATOS project, a very high increase in the concentrations of crustal elements, lasting several days, was observed in June, simultaneously in all the sampling sites, and back-trajectory calculations confirmed the Saharan origin. Other less intense simultaneous HSDpeaks occurred in September, November, May and August. The huge Saharan intrusions of November 2002 and June 2006 were also detected in other sampling sites in Italy, from Sicily to centralnorthern Italy (Matassoni et al., 2009) .
To distinguish between local soil dust and Saharan dust, a stringent signature may be given by elemental ratios (Bonelli et al., 1996; Borbély-Kiss et al., 2004; Marenco et al., 2006) . In Fig. 2 , Si-Fe, Al-Ca and Ti-Fe scatter plots for the PATOS campaign are shown. A quite nice separation between HSDs and HnSDs can be observed, especially for higher concentrations, i.e. when the impact of the Saharan dust at ground level is higher. However, for low concentrations the separation is less evident and the quite high dispersion of the elemental ratios, especially during HnSDs, prevents the possibility of a reliable Saharan attribution based on this criterion alone.
To summarise this information, main crustal element ratios have been averaged over two different groups of samples: HnSDs and "peak-HSDs", i.e. HSDs with some increase in the concentration of crustal elements excluding all the cases with very low (or lower than neighbour days) concentrations. Mean values and standard deviations are reported in Table 1 . Apart from differences that may be noted from site to site, some common features can be observed. In all the cases, during Saharan intrusions the Al/Ca, Si/Ca, Ti/Ca, Al/ Fe, Si/Fe and Ti/Fe ratios increase, while the Si/Al, Ti/Al and Ti/Si ratios decrease; conversely, the Ca/Fe ratio does not show a well defined trend. The statistical significance of these differences in elemental ratio means between the two groups of samples (HnSDs and peak-HSDs) has been evaluated for all sampling sites using a Student's t-test: in most of the cases obtained p-values were well below 0.01, with the exception of Ca/Fe and Ti/Si ratios. Conversely, the elemental ratios that show the most significant differences between Saharan and non-Saharan days are those involving either Fe or Ca (especially Al/Fe and Si/Fe, p-value < 10 À6 ), probably due to a Fe and Ca enrichment of local PM with respect to the Saharan dust. Elemental ratios including Fe are however also the most sitedependent as the concentration of this element increases in areas that are more impacted by anthropogenic sources. The Si/Al ratio shows the most reproducible values in all the sampling sites and a significant (p-value < 0.001) slight decrease during Saharan days. This trend may be explained by a higher contribution during Saharan intrusions of agglomerated clay minerals with respect to bulk crustal material (Rahn, 1976) .
Similar results were found in two remote sites in northern and central Italy: the Stelvio National Park (Bonelli et al., 1996) and the Mt. Cimone Global Atmospheric Watch (GAW) station (Marenco et al., 2006) . In both works, a decrease of the Si/Al ratio and an increase of Ti/Fe, Ti/Ca and Al/Ca ratios are indicated as the more effective fingerprints of African dust transport events. Reported values for the Si/Al ratio during these events (and during days not affected by Saharan intrusions), i.e. 2.3 (2.7) at Mt. Cimone and 2.4 (2.8) at the Stelvio National Park, match very well with those found in this work.
Saharan dust contribution to PM10 concentration
The soil dust component was estimated from the measured elemental concentrations following a wide used approach, i.e. the sum of oxides algorithm (Eldred et al., 1987; Malm et al., 1994; Miranda et al., 1994; Marcazzan et al., 2001) , with some alterations as discussed in the following. Namely, it was calculated as the sum of all the main crustal element oxides ( Some corrections were however applied to this formula to take into account sea-salt contributions to Na and Mg and possible anthropogenic contributions to the other elements. The sea salt fraction of Na and Mg was calculated using the measured Cl concentration and the Na/Cl and Mg/Cl ratios reported in Bowen (1979) , i.e. 0.56 and 0.07, respectively. Due to possible Cl losses in aerosol samples (Seinfeld, 1986; Singh, 1995) , this approach may overestimate the non-sea salt component of Na (nssNa) and Mg (nssMg). For this reason, we also looked at the time trends of the calculated nssNa and nssMg to verify the absence of significant residual peaks in correspondence of the identified sea-salt aerosol transport events. Following the approach reported in Marcazzan 2001), possible anthropogenic contributions to Si, K, Ca, Ti and Fe were estimated by the use of aerosol-crust Enrichment Factors (EFs), which were calculated with respect to Al and adopting the crust composition profile reported in Mason (1966) .
Evident anthropogenic contributions were identified only for Fe (high EFs in the traffic sites, with values up to 15e20) and K (high EFs during the cold season due to biomass burning, with values up to some tens in all sampling sites and up to one hundred in CA_UB): Table 1 Mean values (black and bold) and standard deviations (not bold) of crustal element ratios during Saharan intrusions (HSDs with significant concentration peaks, "peak-HSDs") and during days not affected by long-range dust transport episodes (HnSDs). the contributions of these elements were thus corrected dividing their concentrations by the corresponding EFs. The first day of the year was eliminated from all datasets due to significant contributions from fireworks to Al, Mg, Ti and Cl concentrations. The time trends of the calculated soil dust concentrations for the different sampling campaigns are shown in Fig. 3 . As already observed for crustal elements, during HSDs the increments with respect to background soil dust values are very different from case to case, ranging from null or negligible to significant or very strong. Conversely, some quite intense soil dust peak may be observed also during HnSDs, due to local dust contributions.
Si/AI
The soil dust mean values and standard deviations, calculated for the different sampling campaigns excluding Saharan days, are reported in Table 2 . In the absence of African dust inputs the soil dust concentration is on average 2.5e7.4 mg m À3 and it accounts for about 15e20% of the PM10 mass while during the most intense Saharan dust episodes (Fig. 3) it reaches values as high as 20e30 mg m À3 .
To quantify the net Saharan dust contribution, an estimated soil dust background value was calculated by applying a 30-days moving average to the soil dust time series, after an a-priori exclusion of Saharan-days. The Saharan dust contribution was then calculated, for each Saharan-day, as the difference between the total soil dust daily concentration and the soil dust background value (calculated for the same day). In order to estimate the uncertainty introduced by the background subtraction, the distributions of the absolute differences between the soil dust concentrations and the moving average daily values during non-Saharan days were analysed. Median values of the absolute difference were about 1 mg m À3 in all the sampling sites (0.5 mg m À3 in the suburban/rural background station LI_SB), but daily absolute differences up to several mg m À3 were also observed due to short local resuspension episodes. As expected, these episodes were more frequent and intense in sampling sites more affected by human activities. On the basis of these observations, in the following discussion we assume as not measurable the contribution of all the intrusions with a Saharan dust concentration lower than 1e2 mg m À3 . It is worth noting that the use of rural background stations may lower this limit and improve the accuracy and sensitivity of this approach.
During the PATOS campaign, the highest Saharan dust concen- During the Florence campaign, quite high Saharan dust concentrations (3e11 mg m À3 ) were observed during the episodes of May, January and July. High levels turned out also for other 3 episodes in November and December, but in these cases the intensity and duration were limited by the rain. The mean net dust contributions to PM10 for the different campaigns, estimated by averaging the calculated Saharan dust concentrations over all the analysed samples (assuming null concentrations for all non-Saharan days) were about: 0.6 mg m À3 (Florence, 1997e1998), 0.8 mg m À3 (Montelupo Fiorentino, 2002e2003) and 0.5 mg m À3 (PATOS, 2005e2006) . As all the campaigns lasted about one year and the analysed samples covered the great majority of the days, these values may be considered in first approximation as the net Saharan dust annual means.
As can be observed in Fig. 3 , the PM10 concentration exceeded the DLV in several occasions during days of Saharan dust intrusion. In Table 3 the estimated Saharan dust concentration during these episodes is reported, together with the PM10 concentration. In the PATOS campaign, the only DLV exceedances during Saharan days took place during the episode of June: the PM10 concentration exceeded the 50 mg m À3 limit barely of few mg m À3 and the contribution of Saharan dust was clearly determinant. It is worth noting that these were the only days of limit overcoming during summer for all the sampling sites of PATOS and the only ones in absolute for the less polluted sampling sites (LI_SB and GR_UB). In Montelupo Fiorentino, 6 DLV exceedances out of 21 were observed during Saharan days: 4 during the intense episodes of November, 1 in February and 1 in April. Despite the high Saharan dust concentrations, the African contribution was clearly decisive only in 3 days. Very high PM10 concentrations were found in the 1997e1998 campaign in Florence: the limit was exceeded 91 times on a total of 253 analysed samples, but only in six cases the desert dust contribution was determinant. All these cases, with only one exception, took place in springesummer, during the high and lasting episode of May and during the shorter intrusion of July. During autumn/winter, many PM10 standard exceedances took place with high PM10 values, but the Saharan dust contribution was determinant only in one of them.
As aforementioned, the intense Saharan intrusions of November 2002 and June 2006 are also reported in Matassoni et al. (2009) . In this work, the November 15e17 episode is quoted as the only one responsible for simultaneous DLV exceedance in all the sampling sites, from Sicily (Southern Italy) to the Po Valley (northern Italy), while the episode of June 2006 caused DLV exceedances in all the sites with the exception of the Po Valley one, i.e. from Sicily up to the Apennine mountain chain which divides northern from central Italy.
Conclusions
The analysis of extended elemental data set allowed the identification of several Saharan dust transport episodes in Tuscany (central Italy). One of the main features of these episodes is the very These results are in reasonable agreement with those found by other authors by the application of the "Spanish approach" (Matassoni et al., 2009; Pederzoli et al., 2010; Querol et al., 2009) . However, some caution should be taken in this comparison as the sampling sites in those works were all rural/background stations and do not cover the Tuscany region, an area of relatively high latitude (42 e44 ) within the Mediterranean Basin (MB), but still below the Apennine mountain chain (which divides northern from central Italy). As expected, the values found in the present work are in between those reported for the North MB (number of DLV exceedances due to African dust outbreaks, N, less than 2 and mean annual net desert dust contribution to PM10, ND, less than 2 mg m À3 ) and those found in the more impacted Mediterranean areas (East MB, N w 20e26 and ND 9e10 mg m À3 ; South and South-West MB, N w 14e16 and ND 5e6 mg m À3 ).
The approach described in this work turned out to be a very effective tool to determine the actual contribution of Saharan dust at ground level. In this case we used pre-existent PIXE data sets, which were obtained using "standard" experimental conditions; however, if only crustal elements are of interest, one day of measurement may be sufficient to analyse all the samples collected during a one-year-long campaign: this capability makes PIXE analysis a feasible approach to study the impact of Saharan dust over representative long periods and in several sampling sites. The joint use of adequate methods for African dust outbreak identification (air mass back trajectory calculation, satellite image observation, aerosol model application, etc.) and PIXE measurements on aerosol samples collected by an extended station network may provide an effective tool to trace back the contribution of desert dust to PM10 quality standards. This approach may be also used to validate cheaper methods that do not require speciation analysis (but just PM10 concentration measurements), like the one proposed and adopted in Spain (Escudero et al., 2007) .
